Introduction {#s1}
============

There is now considerable epidemiological and experimental evidence indicating that early life environmental signals, including nutrition, affect subsequent development leading to patho-physiologies including obesity and insulin resistance [@pone.0015558-Godfrey1]. These signals induce highly integrated responses in endocrine-related homeostasis, resulting in persistent changes to the developmental trajectory producing an altered adult phenotype. This phenomenon has been termed developmental programming, whereby early life events trigger processes that prepare the individual for particular circumstances that are anticipated in the postnatal environment [@pone.0015558-Godfrey1]--[@pone.0015558-Gluckman2]. However, where the intrauterine and postnatal environments differ markedly, such modifications to the developmental trajectory may prove maladaptive in later life [@pone.0015558-Gluckman2]. Evidence that reproductive maturation and function is similarly influenced by early life events is now emerging from animal studies and human populations [@pone.0015558-Sloboda1], [@pone.0015558-Sloboda2]. It is also clear that in many cases the prenatal and postnatal nutritional environments interact to influence reproductive function in offspring [@pone.0015558-Sloboda1], [@pone.0015558-Sloboda2].

Ovarian function is exquisitely sensitive to nutritional status and clinical and experimental studies have demonstrated that a decline in ovarian follicular reserve, changes in ovulation rates and altered age at onset of menarche are all vulnerable to early life influences [@pone.0015558-Sloboda2], [@pone.0015558-Gardner1]. We have previously shown that nutritional deficits and excesses during intrauterine, lactational and post-weaning periods resulted in the acceleration of pubertal onset and subsequent changes in ovarian function [@pone.0015558-Sloboda2]. The mechanisms underlying these changes however are unclear. Regulatory factors known to influence reproduction have become a focus of investigation and studies have demonstrated that, in addition to its role in energy metabolism, the adipokine leptin acts as a metabolic signal to the central reproductive axis [@pone.0015558-Bluher1]. Leptin has been reported to have both stimulatory and inhibitory actions on ovulatory processes and ovarian steroidogenesis [@pone.0015558-Barkan1], [@pone.0015558-Barkan2] and act as a permissive neuro-regulatory factor for the onset of puberty [@pone.0015558-Cheung1]--[@pone.0015558-Kiess1].

It has been suggested that altered oxidative stress conditions may underpin many of the known associations between early life nutritional adversity and altered later life physiologic function [@pone.0015558-Theys1], [@pone.0015558-Loui1]. In this regard, it has been shown that mitochondrial function was altered in embryos and oocytes of mothers that were nutritionally challenged [@pone.0015558-Igosheva1]. It is well recognized that disruption of redox homeostasis alters gene expression and that the accumulation of oxidized proteins has a deleterious effect on cell function [@pone.0015558-DalleDonne1], [@pone.0015558-Chakravarti1]. Although the accumulation of carbonylated proteins is a general marker of oxidative stress in damaged and aging tissue, the monitoring of specific protein modifications can provide additional insight into the nature and site of oxidative stress. The peroxiredoxin family of antioxidant thiol proteins, which includes the mitochondrial protein peroxiredoxin 3 (Prx 3), is responsible for breaking down endogenous hydroperoxides [@pone.0015558-Cox1]. As such excess hydrogen peroxide can hyperoxidize the active site cysteine of Prxs, thereby inactivating the protein [@pone.0015558-Rabilloud1], [@pone.0015558-Woo1], [@pone.0015558-Musicco1], [@pone.0015558-Cox2].

Although many studies have documented early life nutritional influences on reproductive function [@pone.0015558-Sloboda2], [@pone.0015558-daSilvaFaria1]--[@pone.0015558-HilakiviClarke1], mechanisms underlying these associations are unclear. To date, no data exist regarding maternal nutritional effects on adult offspring ovarian oxidant status. Therefore we set out to investigate and further characterise the effects of maternal undernutrition imposed at three different time periods: pregnancy (UNP), lactation (UNL) and pregnancy and lactation combined (UNPL), on offspring\'s ovarian morphology and gene expression levels. We also set out to determine whether nutritional-induced effects may be associated with disruptions in ovarian redox homeostasis. Given the importance of both the prenatal and postnatal environments contributing to disease development, we further investigated the effects of a mismatch between the prenatal and postnatal nutritional environments. Our study is the first to show that maternal UN significantly reduced primordial, secondary and antral follicle number in adult offspring in a manner that was dependent upon the timing of nutrient restriction. Specifically, a reduction in early stage follicle populations was observed in offspring born to mothers undernourished throughout both pregnancy and lactation, whereas antral follicles were reduced in offspring born to all mothers that were UN regardless of whether the period of UN was restricted to pregnancy or lactation or both. These reductions were associated with decreased mRNA levels of genes critical for follicle maturation and ovulation. We also demonstrate increased ovarian oxidative stress in offspring born to UN mothers regardless of the timing of the UN. However, only those mothers whose UN included the period of pregnancy produced offspring with reduced ovarian peroxidoxin 3 mRNA levels. This reduction may be suggestive of an inability to cope with increased oxidative stress conditions. Taken together, we propose that these data support the possibility that maternal UN, especially during the period of pregnancy, results in accelerated ovarian ageing in offspring. Intriguingly, feeding UN exposed offspring a post-weaning high fat (HF) diet, in general had little additional effect on ovarian physiology.

Results {#s2}
=======

Animal Phenotypic and Biochemical Data {#s2a}
--------------------------------------

### Birth, weaning and adult body weights {#s2a1}

*All females investigated in the current study were in the proestrous stage of cycle in order to minimise variation due to estrous stage.*

Maternal undernutrition resulted in a significant reduction in birth weight of UNP and UNPL offspring compared to Control and birth weight of UNL offspring was similar to that of Controls ([Table 2](#pone-0015558-t002){ref-type="table"}). Maternal undernutrition resulted in a significant reduction in weaning weights of chow-fed and HF- fed offspring of all undernourished groups (p\<0.001) ([Table 2](#pone-0015558-t002){ref-type="table"}). Maternal undernutrition also resulted in significant reductions in adult offspring body weight (p = 0.006), with a further significant effect of a postnatal diet (p\<0.001). There were no significant interaction effects between maternal and postnatal diets (p = 0.419). *Post-hoc* analysis demonstrated a statistically significant decrease in chow-fed and HF- fed offspring of mothers undernourished throughout pregnancy and lactation (UNPL, p\<0.001; UNPL-HF, p\<0.001) compared to chow-fed and HF- fed Controls. Adult offspring ovarian weights were similar between groups ([Table 2](#pone-0015558-t002){ref-type="table"}).

10.1371/journal.pone.0015558.t001

###### Primer sequences and amplicon sizes for the genes of interest.

![](pone.0015558.t001){#pone-0015558-t001-1}

                 Primer Information                                   
  ------------ ----------------------- ------------------------ ----- -------------
  Beta-actin    CACCAACTGGGACGATATGGA   CAGCCTGGATGGCTACGTACAT   188    NM_031144
  Ob-Rb          GCTGCGTCATCCTTTCCT      TGGTTTTCCAACTCCTTCC     212    AF287268
  ER-beta       TGCCAATCATCGCTCCTCTA     TCCTTCACATGACCAAACGC    228   AB190770.1
  Pgr           CGGGAATTGATCAAGGCAAT     CCGGGATTGGATGAACGTAT    150    L16922.1
  FSHR          TTGCTCCTGGTCTCCTTGCT    ACCTCAGTTCAATGGCGTTCC    151    NM199237
  GDF-9         CCAAAGAGGGGGTTCCTAAA     CACAAGGTCACACACACAGG    245    NM021672
  3beta-HSD     ACAGAAAGGGGGCAAGGATG    TGGACAGGGGATTAGGGAAGA    171     M38178
  CYP17A1        ATCTTTGGGGCGGGCATAG    GTTAGCCTTGTGGGGGATGAG    234    NM012753
  Prx3          GGCAAAACCTCACCATGCTT     GCTTCAGGGCAGGCTAAGAA    207   NM_022540.1

Abbreviations: Ob-Rb, Leptin receptor; Pgr, Progesterone receptor; FSHR, Follicle-stimulating hormone receptor; GDF9, Growth differentiation factor-9; Prx3, Peroxiredoxin 3; bp, base pairs.

10.1371/journal.pone.0015558.t002

###### Phenotypic Data.

![](pone.0015558.t002){#pone-0015558-t002-2}

  Groups                 Birth Weights (g)                           Weaning Weights (g)                          Adult Body Weight (g)               Adult Ovary Weight (g)   Raw AG distance (mm)                    AG % BW                    AG % NA
  --------- -------------------------------------------- -------------------------------------------- ---------------------------------------------- ------------------------ ---------------------- ------------------------------------------- ---------
  Control                     6.1±0.09                                     59.6±0.7                                     301.0±4.9                          0.103±0.005               11.5±0.6                          3.8±0.1                    5.2±0.3
  UNP        4.8±0.06 [\*](#nt103){ref-type="table-fn"}   54.8±1.2 [\*](#nt103){ref-type="table-fn"}                    292.4±7.1                          0.096±0.005               11.1±0.7                          3.8±0.3                    5.1±0.3
  UNPL       4.8±0.08 [\*](#nt103){ref-type="table-fn"}   32.7±1.3 [\*](#nt103){ref-type="table-fn"}   263.3±6.6 [\*](#nt103){ref-type="table-fn"}         0.097±0.006               11.3±0.3                          4.3±0.2                    5.2±0.1
  UNL        6.0±0.08 [\*](#nt103){ref-type="table-fn"}   39.7±1.2 [\*](#nt103){ref-type="table-fn"}                    292.6±15.6                         0.100±0.006               11.0±0.3                         3.82±0.2                    4.9±0.2
  Cont-HF                        X                                         58.8±1.4                                     340.3±7.4                          0.102±0.005               10.6±0.3                          3.1±0.1                    4.7±0.1
  UNP-HF                         X                        54.0±1.8 [\#](#nt104){ref-type="table-fn"}                    358.5±13.4                         0.105±0.005               12.4±0.6                          3.5±0.2                    5.4±0.2
  UNPL-HF                        X                        35.7±1.5 [\#](#nt104){ref-type="table-fn"}   311.6±13.2 [\#](#nt104){ref-type="table-fn"}        0.094±0.006               12.6±0.5         4.1±0.2 [\#](#nt104){ref-type="table-fn"}   5.6±0.2
  UNL-HF                         X                        39.5±1.2 [\#](#nt104){ref-type="table-fn"}                    322.8±16.9                         0.107±0.006               12.0±0.4         3.7±0.1 [\#](#nt104){ref-type="table-fn"}   5.3±0.2

Data are presented as mean ± SEM. *Post-hoc* analyses:

\*p\<0.001 compared to Controls;

p\<0.05 compared to Cont-HF.

Abbreviations: AG, anogenital; BW, body weight; NA, nose to anus; NT, nose to tail.

### Anogenital distance {#s2a2}

There was no maternal diet effect (p = 0.265), postnatal diet effect (p = 0.066) and no significant interaction (p = 0.611) between the two factors on unadjusted offspring anogenital distance (AG) or on AG distance adjusted for body length ([Table 2](#pone-0015558-t002){ref-type="table"}). However, there was a significant effect of maternal (p\<0.001) and postnatal (p\<0.001) diets on anogenital distance expressed as a percentage of body weight (AG % BW; [Table 2](#pone-0015558-t002){ref-type="table"}). *Post-hoc* analysis demonstrated a statistically significant increase in AG % BW in HF fed offspring of UNP and UNPL mothers (p\<0.001 for both).

### Plasma Follicle stimulating hormone and inhibin B levels {#s2a3}

Adult offspring proestrus concentrations of plasma FSH and inhibin B were not significantly different among treatment groups (data not shown).

Maternal undernutrition modified offspring ovarian follicle number {#s2b}
------------------------------------------------------------------

### Primordial and primary follicle number {#s2b1}

Primordial follicle number was significantly decreased in ovaries of offspring born to UN mothers (p = 0.035), with no effect of postnatal diet (p = 0.610) and no significant interactions between maternal and postnatal diet (p = 0.072) ([Figure 1](#pone-0015558-g001){ref-type="fig"}). *Post-hoc* analysis demonstrated a statistically significant decrease in primordial follicle number in chow-fed UNPL offspring compared to chow-fed controls (p\<0.001, [Figure 1](#pone-0015558-g001){ref-type="fig"}). Post-weaning HF nutrition had no effect on primordial follicle number. There was no effect of maternal diet (p = 0.307), postnatal diet (p = 0.222) and no statistically significant interactions between maternal and postnatal diet (p = 0.336) on primary follicle number (data not shown).

![Effect of Maternal Undernutrition on Offspring Ovarian Primordial Follicle Number.\
Maternal UN occurring throughout pregnancy and lactation (UNPL) resulted in a significant reduction in offspring primordial follicle number. Data are presented as follicle number per mm3 of ovarian tissue; median ± upper and lower quartiles. Open bars correspond to a postnatal chow diet; closed bars correspond to a postnatal HF diet. Two-Way ANOVA Main Effects: maternal diet p = 0.035; postnatal diet  = 0.610; interaction p = 0.072. Holm-Sidak *Post-hoc* analyses: \* p\<0.001 compared to chow-fed Controls.](pone.0015558.g001){#pone-0015558-g001}

### Secondary follicle number {#s2b2}

Secondary follicle number was significantly decreased in ovaries of offspring born to undernourished mothers (p = 0.004) ([Figure 2](#pone-0015558-g002){ref-type="fig"}), with no effect of postnatal diet (p = 0.074) and no significant interactions between maternal and postnatal diet (p = 0.394) ([Figure 2](#pone-0015558-g002){ref-type="fig"}). *Post-hoc* analysis demonstrated a statistically significant decrease in secondary follicle number in chow-fed UNPL offspring compared to chow-fed controls (UNPL; p\<0.001) ([Figure 2](#pone-0015558-g002){ref-type="fig"}).

![Effect of Maternal Undernutrition on Offspring Ovarian Secondary Follicle Number.\
Maternal UN occurring throughout pregnancy and lactation (UNPL) resulted in a significant reduction in offspring secondary follicle number. Data are presented as follicle number per mm3 of ovarian tissue; median ± upper and lower quartiles. Open bars correspond to a postnatal chow diet; closed bars correspond to a postnatal HF diet. Two-Way ANOVA Main Effects: maternal diet p = 0.004; postnatal diet  = 0.074; interaction p = 0.394. Holm-Sidak *Post-hoc* analyses: \* p\<0.001 compared to chow-fed Controls.](pone.0015558.g002){#pone-0015558-g002}

### Antral follicle number {#s2b3}

Antral follicle number was significantly decreased in ovaries of UN offspring (p = 0.005), with no effect of a postnatal diet (p = 0.290) and no interaction between maternal and postnatal diet (p = 0.858) ([Figure 3](#pone-0015558-g003){ref-type="fig"}). *Post-hoc* analysis demonstrated a statistically significant decrease in antral follicle number in chow-fed UNP offspring (p = 0.003), UNPL offspring (p = 0.008), and UNL offspring (p = 0.011) compared to chow-fed controls ([Figure 3](#pone-0015558-g003){ref-type="fig"}).

![Effect of Maternal Undernutrition on Offspring Ovarian Antral Follicle Number.\
Maternal UN resulted in a significant reduction in offspring antral follicle number, regardless of the timing of nutrient restriction. Data are presented as follicle number per mm3; median ± upper and lower quartiles. Open bars correspond to a postnatal chow diet; closed bars correspond to a postnatal HF diet. Two-Way ANOVA Main Effects: maternal diet p = 0.005; postnatal diet  = 0.290; interaction p = 0.858. Holm-Sidak *Post-hoc* analyses: \* p\<0.005 compared to chow-fed Controls.](pone.0015558.g003){#pone-0015558-g003}

Morphological classification of follicles is illustrated in [Figure 4](#pone-0015558-g004){ref-type="fig"}.

![Morphological classification of rat ovarian follicles.\
Representative photographs of haematoxylin and eosin-stained ovarian tissue sections (8 µm) demonstrating representative classes of follicle populations. **A**) primordial, **B**) primary, **C**) secondary and **D**) antral follicles.](pone.0015558.g004){#pone-0015558-g004}

Maternal undernutrition alters offspring ovarian gene expression levels {#s2c}
-----------------------------------------------------------------------

### Factors Involved in Folliculogenesis: Ovarian GDF-9, BMP-15, FSH-R, ER-β mRNA levels {#s2c1}

Ovarian growth differentiation factor 9 (GDF-9) mRNA levels were significantly decreased in ovaries from offspring born to UN mothers (p = 0.004), with a significant effect of postnatal diet (p = 0.036) ([Figure 5](#pone-0015558-g005){ref-type="fig"}). There were no significant interactions between maternal and postnatal diet (p = 0.503) ([Figure 5](#pone-0015558-g005){ref-type="fig"}). Post-hoc analysis demonstrated a statistically significant decrease in ovarian GDF-9 mRNA levels in chow-fed UNPL and UNP offspring (p = 0.002; p = 0.011) compared to chow-fed Controls ([Figure 5](#pone-0015558-g005){ref-type="fig"}). The consumption of a post-weaning HF diet resulted in a significant decrease in ovarian GDF9 mRNA levels in Control offspring (p = 0.016).

![Effect of Maternal Undernutrition on Offspring Ovarian GDF-9 mRNA expression levels.\
Maternal UN occurring during pregnancy (UNP) and throughout pregnancy and lactation (UNPL) resulted in a significant reduction in ovarian GDF9 mRNA levels in chow-fed offspring. Data were normalised to beta-actin and relative mRNA data were normalised to 100% chow-fed Control. Data are presented as means ± S.E.M. Two-Way ANOVA Main Effects: maternal diet p = 0.004; postnatal diet  = 0.036; interaction p = 0.503. Holm-Sidak Post-hoc analyses: \* p\<0.05 compared to chow-fed Controls. \# p = 0.016 compared to HF-fed Controls.](pone.0015558.g005){#pone-0015558-g005}

Ovarian bone morphogenetic protein-15 (BMP-15) mRNA levels were similar between Control and UN offspring, with no significant effect of maternal diet (p = 0.474), postnatal diet (p = 0.222) and no interaction between maternal and postnatal diets (p = 0.141) ([Table 3](#pone-0015558-t003){ref-type="table"}).

10.1371/journal.pone.0015558.t003

###### Relative mRNA levels of Genes of Interest Regulating Ovarian Folliculogenesis and Steroidogenesis.

![](pone.0015558.t003){#pone-0015558-t003-3}

                        Genes of Interest                                                                                                             
  -------------------- ------------------- ---------------------------------------------- --------------------------------------------- ------------- ----------------------------------------------
  Control                    100±6.5                          100±14.2                                       100±6.8                      100±25.2                       100±15.5
  UNP                      103.8±18.2                         78.8±7.5                                     124.4±15.3                    97.03±21.03                    87.0±17.3
  UNPL                      78.2±8.7                         101.4±11.5                                     95.0±8.7                      51.1±9.2                      85.0±10.2
  UNL                       89.3±14.7       190.2±20.5 [\*](#nt107){ref-type="table-fn"}                    82.8±11.4                    142.6±31.3                     182.3±29.2
  Cont-HF                   83.8±10.8                        126.3±16.3                                     116.5±9.3                     67.5±19.4                     81.4±12.6
  UNP-HF                    60.3±9.0                        65.3±5.6 \#                                     102.4±8.2                     71.2±20.9                      54.2±9.0
  UNPL-HF                   77.2±8.5                         79.1±23.8                                     113.9±28.7                     75.9±33.0                     85.0±16.8
  UNL-HF                   103.9±17.7       187.6±30.1 [\#](#nt108){ref-type="table-fn"}   193.6±41.3 [+](#nt109){ref-type="table-fn"}   172.8±42.2    199.0±37.6 [\#](#nt108){ref-type="table-fn"}
  ***Main Effects***                                                                                                                                  
  *Maternal Diet*          *P = 0.474*                       *P\<0.001*                                    *P = 0.480*                   *P = 0.032*                    *P\<0.001*
  *Postnatal Diet*         *P = 0.222*                      *P = 0.805*                                    *P = 0.013*                   *P = 0.735*                   *P = 0.262*
  *Interaction*            *P = 0.141*                      *P = 0.485*                                    *P = 0.004*                   *P = 0.471*                   *P = 0.370*

Data are mean ± SEM, relative to controls. *Post-hoc* analyses:

\*p\<0.001 compared to Controls;

p\<0.05 compared to Cont-HF;

p\<0.001 UNL chow vs. UNL-HF. BMP15, bone-morphogenetic protein 15; FSHR, follicle-stimulating hormone receptor; 3β-HSD, 3beta dehydrogenase; CYP17A1, cytochrome P450 17A1; PR, progesterone receptor. Note: Multiple comparisons within UN groups are detailed in the text.

Maternal UN significantly altered ovarian follicle stimulating hormone receptor (FSHR) mRNA levels (p\<0.001; [Table 3](#pone-0015558-t003){ref-type="table"}). No significant effect of postnatal diet (p = 0.805) and no significant interactions between maternal and postnatal diets were observed (p = 0.485) ([Table 3](#pone-0015558-t003){ref-type="table"}). *Post-hoc* analysis demonstrated a statistically significant increase in ovarian FSHR mRNA levels in chow-fed and HF-fed UNL offspring (p\<0.001) compared to Control offspring. In contrast, a significant decrease in ovarian FSHR mRNA levels was observed in UNP-HF offspring (p = 0.006) compared to HF-fed controls ([Table 3](#pone-0015558-t003){ref-type="table"}).

There was a significant effect of maternal diet on ovarian estrogen receptor-beta (ER-β) mRNA levels (p\<0.001), with no effect of a postnatal diet (p = 0.479) and no significant interactions between maternal and postnatal diet (p = 0.478) ([Figure 6](#pone-0015558-g006){ref-type="fig"}). *Post-hoc* analysis demonstrated a statistically significant decrease in ovarian ER-β mRNA levels in chow-fed UNP offspring (p = 0.005) and in UNPL offspring (p\<0.001) compared to chow-fed controls ([Figure 6](#pone-0015558-g006){ref-type="fig"}). A significant decrease in ovarian ER-β mRNA levels was also observed in UNPL-HF-fed offspring (p = 0.008) compared to HF-fed Controls ([Figure 6](#pone-0015558-g006){ref-type="fig"}).

![Effect of Maternal Undernutrition on Offspring Ovarian ER-β mRNA expression levels.\
Maternal undernutrition resulted in a significant reduction in offspring ovarian ER-β mRNA levels. Data were normalised to beta-actin and relative mRNA data were normalised to 100% chow-fed Controls. Data are presented as means ± S.E.M. Two-Way ANOVA Main Effects: maternal diet p\<0.001; postnatal diet  = 0.585; interaction p = 0.424. Holm-Sidak *Post-hoc* analyses: \* p\<0.005 compared to chow-fed Controls. \# p = 0.008 compared to HF-fed Controls.](pone.0015558.g006){#pone-0015558-g006}

### Factors Involved in Ovarian Steroidogenesis: 3β-HSD & CYP17A1 mRNA levels {#s2c2}

Ovarian 3-beta hydroxysteroid dehydrogenase (3β-HSD) mRNA levels were not altered by maternal diet (p = 0.480), but a significant postnatal diet (p = 0.013) and maternal-postnatal diet interaction (p = 0.004) was observed ([Table 3](#pone-0015558-t003){ref-type="table"}). *Post-hoc* analysis demonstrated a significant increase in ovarian 3β-HSD mRNA levels in HF-fed UNL offspring (UNL, chow vs. HF; p\<0.001) ([Table 3](#pone-0015558-t003){ref-type="table"}) compared to chow-fed UNL offspring ([Table 3](#pone-0015558-t003){ref-type="table"}).

There was a significant effect of maternal diet (p = 0.032) on ovarian mRNA levels of P450 cytochrome A1 (CYP17A1), the steroid enzyme required to produce androstenedione which is an androgen and estradiol precursor. This difference however was restricted to UNPL versus UNL offspring (p = 0.005, [Table 3](#pone-0015558-t003){ref-type="table"}). There was no significant effect of postnatal diet (p = 0.735) and no significant interaction between maternal and postnatal diets (p = 0.471) ([Table 3](#pone-0015558-t003){ref-type="table"}).

### Factors involved in Ovulation: Ovarian PR and Ob-Rb mRNA levels {#s2c3}

Maternal UN altered ovarian PR mRNA levels in offspring (p\<0.001), although differences were restricted to UNL-HF offspring versus Cont-HF offspring (p = 0.002). There was no significant effect of postnatal diet (p = 0.262) and no significant interaction effects between maternal and postnatal diets (p = 0.370) ([Table 3](#pone-0015558-t003){ref-type="table"}).

Maternal UN significantly altered ovarian Ob-Rb mRNA levels in offspring (p\<0.001), with no significant postnatal diet effect (p = 0.165). A significant interaction between maternal and postnatal diets (p = 0.001) was observed ([Figure 7](#pone-0015558-g007){ref-type="fig"}). *Post-hoc* analysis demonstrated a significant decrease in ovarian Ob-Rb mRNA levels in UNPL and UNPL-HF (p = 0.006) compared to chow-fed and HF-fed Controls respectively ([Figure 7](#pone-0015558-g007){ref-type="fig"}).

![Effect of Maternal Undernutrition on Offspring Ovarian Ob-Rb mRNA expression levels.\
Maternal UN resulted in significant alterations in offspring ovarian Ob-Rb mRNA levels. Data were normalised to beta-actin and relative mRNA data were then normalised to 100% Control. Data are presented as means ± S.E.M.; n = 4--9 per group. Two-Way ANOVA Main Effects: maternal diet p\<0.001; postnatal diet  = 0.165; interaction p = 0.001. Holm-Sidak *Post-hoc* analyses: \* p\<0.05 compared to chow-fed Controls; \# p\<0.05 compared to Cont-HF. + p\<0.05, chow vs. HF.](pone.0015558.g007){#pone-0015558-g007}

The consumption of a post-weaning HF-diet resulted in a significant decrease in ovarian Ob-Rb mRNA levels in UNP offspring (p\<0.001) but an increase in mRNA levels was observed in UNL offspring (p = 0.004; [Figure 7](#pone-0015558-g007){ref-type="fig"}). Post-weaning HF nutrition did not alter Ob-Rb levels in any other groups.

Maternal undernutrition modified markers of oxidative stress {#s2d}
------------------------------------------------------------

### Ovarian protein carbonyl content {#s2d1}

To assess global oxidative stress, protein carbonyls in ovarian tissue samples were measured by ELISA. Maternal UN (p\<0.001) and postnatal diet (p = 0.008) significantly altered protein carbonyl content and a statistically significant interaction between maternal and postnatal diets (p = 0.001) was observed ([Figure 8](#pone-0015558-g008){ref-type="fig"}). *Post-hoc* analysis demonstrated a three-fold increase in ovarian protein carbonyl levels in chow-fed UNP (p\<0.001), and UNPL offspring (UNPL; p\<0.001), compared to chow-fed Controls ([Figure 8](#pone-0015558-g008){ref-type="fig"}). This effect was absent in UNL offspring ([Figure 9](#pone-0015558-g009){ref-type="fig"}). The consumption of a post-weaning HF diet resulted in a significant increase in protein carbonyl levels in Control and UNL offspring, but had no further effect on UNP and UNPL levels ([Figure 8](#pone-0015558-g008){ref-type="fig"}).

![Effect of Maternal Undernutrition on Offspring Ovarian Protein Carbonyl Content.\
Maternal UN resulted in a significant increase in ovarian protein carbonyl content in offspring, irrespective of the timing of nutrient restriction. Ovarian protein carbonyl content (nmol/mg of ovarian tissue); Data are presented as means ± S.E.M, Two-Way ANOVA Main Effects: maternal diet p\<0.001; postnatal diet  = 0.008; interaction p = 0.001). Holm-Sidak *Post-hoc* analyses: \* p\<0.001 compared to chow-fed Controls. \# p = 0.003 compared to Cont-HF. + p\<0.05, chow vs. HF.](pone.0015558.g008){#pone-0015558-g008}

![Effect of Maternal Undernutrition on the Presence of Ovarian Hyperoxidised Prx 3.\
Maternal UN resulted in the increased presence of hyperoxidised ovarian Prx 3 in chow-fed UNP and UNPL, but not UNL, offspring. **A**) Representative non-reducing Western blot of Prx 3; Prx 3 is visualised as a 42 kDa band, hyperoxidised Prx 3 is visualised as a low molecular weight band (20 kDa); **B**) Data are presented as % hyperoxidised ovarian Prx 3 (as a ratio of band densities) and graphed as means ± S.E.M.; Two-Way ANOVA Main Effects: maternal diet p\<0.001; postnatal diet  = 0.036; interaction p\<0.001. Holm-Sidak *Post-hoc* analyses: \* p\<0.001 compared to chow-fed Controls. \# p\<0.001 compared to Cont-HF. + p\<0.05, chow vs. HF.](pone.0015558.g009){#pone-0015558-g009}

### Presence of hyperoxidised peroxiredoxin 3 (Prx 3) {#s2d2}

Mitochondrial oxidative stress was assessed by the presence of hyperoxidised Prx 3 in ovarian tissue. Reduced Prx 3 is oxidized to an intermolecular dimer (42 kDa) following cell lysis, while the hyperoxidized Prx 3 remains as a monomer (20 kDa), as visualised by Western blotting [@pone.0015558-Cox3]. There was a marked absence of hyperoxidised Prx 3 in chow fed Control offspring ([Figure 9A](#pone-0015558-g009){ref-type="fig"}). Maternal UN (p\<0.001) and postnatal diet (p = 0.036) resulted in a significant increase in the presence of ovarian hyperoxidised Prx 3 protein levels ([Figure 9B](#pone-0015558-g009){ref-type="fig"}). A statistically significant interaction between maternal and postnatal diet (p\<0.001) was also observed. *Post-hoc* analysis demonstrated a significant increase in ovarian hyperoxidised Prx 3 in UNP, UNPL and UNL offspring compared to Controls ([Figure 9B](#pone-0015558-g009){ref-type="fig"}). A post-weaning HF diet significantly increased ovarian hyperoxidised Prx 3 in Control offspring (Cont-HF; p\<0.001) and although levels were higher in UNP-HF and UNPL-HF offspring compared to Cont-HF offspring, these were not different from their respective chow fed counterparts. In contrast, hyperoxidised Prx 3 levels were significantly decreased in UNL-HF offspring (p\<0.001) ([Figure 9B](#pone-0015558-g009){ref-type="fig"}) compared to HF-fed Control.

### Ovarian Peroxiredoxin 3 mRNA levels {#s2d3}

Maternal UN (p\<0.001) and postnatal diet (p = 0.044) significantly altered ovarian Prx 3 mRNA levels, although no significant interaction between maternal and postnatal diet was observed (p = 0.202; [Figure 10](#pone-0015558-g010){ref-type="fig"}). *Post-hoc* analysis demonstrated a significant decrease in Prx 3 mRNA levels in chow-fed UNP and UNPL offspring (p = 0.010 and p = 0.004) compared to chow-fed Controls ([Figure 10](#pone-0015558-g010){ref-type="fig"}) and although levels were lower in UNL offspring these differences did not reach statistical significance (p = 0.242). Although a post-weaning HF diet had no further effect on Prx 3 mRNA levels in UNP and UNPL offspring ([Figure 10](#pone-0015558-g010){ref-type="fig"}), post-weaning HF nutrition significantly increased ovarian Prx 3 mRNA expression in UNL offspring (p = 0.010) ([Figure 10](#pone-0015558-g010){ref-type="fig"}) and tended to increase levels in control offspring although this difference did not reach statistical significance (p = 0.066).

![Effect of Maternal Undernutrition on Offspring Ovarian Prx 3 mRNA expression.\
Maternal UN resulted in a significant reduction in ovarian Prx 3 mRNA levels in chow-fed UNP and UNPL offspring. Data were normalised to beta-actin and relative mRNA data were normalised to 100% Controls. Data are presented as means ± S.E.M. Two-Way ANOVA Main Effects: maternal diet p\<0.001; postnatal diet  = 0.023; interaction p = 0.111. Holm-Sidak *Post-hoc* analyses: \* p\<0.05 compared to chow-fed Controls. \# p\<0.05 compared to Cont-HF. + p\<0.05, chow vs. HF.](pone.0015558.g010){#pone-0015558-g010}

Discussion {#s3}
==========

These data demonstrate that maternal undernutrition (UN), imposed at defined critical windows of development and resulted in significant reductions in primordial, secondary and antral follicle number in a manner that was dependent on the timing of nutrient restriction (see [Table 4](#pone-0015558-t004){ref-type="table"}, summary). These changes may be underpinned by observed alterations in the levels of key genes involved in folliculogenesis and may be the result of increased ovarian oxidative stress and possible impairment of a major mitochondrial antioxidant defense network. These offspring are born growth restricted and demonstrated catch-up growth in weight by adulthood, which was exacerbated by postweaning high fat nutrition. Thus, as shown by us and others, in the presence of excess neonatal nutrition, growth-restricted pups born to undernourished mothers demonstrate catch-up growth, such that their body weights match or exceed those of controls early in postnatal life [@pone.0015558-Vickers1].

10.1371/journal.pone.0015558.t004

###### Summary of results.

![](pone.0015558.t004){#pone-0015558-t004-4}

                                                           UNP    UNPL     UNL
  -------------------------------- --------------------- ------- ------- -------
  ***Follicle Number***                 Primordial                **↓**  
                                         Secondary                **↓**  
                                          Antral          **↓**   **↓**   **↓**
  ***Gene Expression***                    GDF9           **↓**   **↓**  
                                           ER-β           **↓**   **↓**  
                                           Ob-Rb                  **↓**  
                                           Prx3           **↓**   **↓**  
  ***Oxidative Stress Markers***     Protein Carbonyls    **↑**   **↑**  
                                    Hyperoxidised Prx 3   **↑**   **↑**   **↑**

Summary of results of follicle number counts, mRNA analyses and oxidative stress measures in ovaries of offspring born to mothers undernourished during pregnancy (UNP), during pregnancy and lactation (UNPL) and during lactation alone (UNL). Arrows up indicate a significant (p\<0.05) increase compared to Controls; arrows down indicate a significant (p\<0.05) decrease compared to Controls. Results in table represent offspring that were fed a post-weaning control diet. For results in offspring fed a post-weaning high fat diet please see text.

Maternal undernutrition {#s3a}
-----------------------

The negative impact of maternal UN on reproductive function has been documented by our group [@pone.0015558-Sloboda2] and others [@pone.0015558-daSilvaFaria1], [@pone.0015558-daSilvaFaria2], [@pone.0015558-daSilvaFaria3], [@pone.0015558-Leonhardt1] but the effects of early life nutritional adversity on ovarian follicular development remains unclear. We have previously reported that pre- and postnatal nutritional histories together influence both ovarian function and the tempo of reproductive maturation in female offspring, where diminished maternal calorie intake resulted in early pubertal onset and reduced adult plasma progesterone levels [@pone.0015558-Sloboda2]. We speculated that these effects may be interpreted as a life history trade-off for earlier reproductive maturation but accompanied by a faster decline in ovarian function with aging. We now demonstrate that offspring born to UN mothers have characteristics of accelerated ovarian aging and reduced ovarian reserve. This is consistent with data that suggest that aging *per se* may be accelerated in offspring of poorly nourished dams. In this regard, Ozanne et al. have reported that prenatal UN, in contrast to postnatal UN, leads to reduced longevity in mice [@pone.0015558-Ozanne1], [@pone.0015558-Ozanne2].

In the rat ovary, the first growing primordial follicles are found in the highly innervated, richly vascularised corticomedullary junction, and primordial follicle activation and subsequent follicular growth depends on nutrients, hormones and/or growth factors [@pone.0015558-Picton1]. UN during the period before weaning has been shown to impact folliculogenesis [@pone.0015558-Keisler1], and therefore it is likely that our observed reduction in early stage follicle number was a result of the direct action of UN on the ovary. GDF-9, a key oocyte-derived member of the transforming growth factor β (TGF-β) family, plays an essential role in early folliculogenesis [@pone.0015558-Dong1] and our findings may suggest therefore that reduced ovarian GDF-9 mRNA levels in UNPL and UNP offspring contributed to a disruption in early follicle growth. This is in agreement with previous studies showing that GDF-9 is required for primordial to primary transition [@pone.0015558-Vitt1] and GDF-9 enhances the progression of early to late-stage primary follicles in the rat [@pone.0015558-Nilsson1]. GDF-9 has also been shown to suppress granulosa cell apoptosis and follicular atresia during the preantral-early antral transition [@pone.0015558-Orisaka1]. Therefore our observed reductions in GDF-9 levels may inhibit follicular survival and growth during the progression to early antral stage, potentially contributing to the reduction in antral follicle number. These findings are consistent with previous reports where lactational UN resulted in a reduction in primordial and large antral follicles [@pone.0015558-daSilvaFaria2].

Diminished intraovarian action of estradiol via decreased ovarian ER-β levels in UNP and UNPL chow-fed offspring may also negatively impact antral follicle number. Estradiol has been shown to increase follicular expression of both FSH and LH receptors in rat granulosa cells [@pone.0015558-Rosenfeld1] and increase central leptin sensitivity and leptin receptor expression [@pone.0015558-Clegg1]. In this regard, reduced ovarian ER-β mRNA levels may contribute to altered Ob-Rb mRNA levels and downstream activity. As ovarian leptin is important for ovulation, oocyte maturation and steroidogenesis [@pone.0015558-Barkan2], [@pone.0015558-Ricci1]--[@pone.0015558-Spicer2], the reduction in Ob-Rb mRNA levels combined with decreased ER-β mRNA levels could together contribute to the observed decline in antral follicle number in UNPL offspring. FSH and its receptor (FSHR) play an important role in follicle progression from preantral to preovulatory stage particularly in rodents [@pone.0015558-Kumar1]. Interestingly, ovarian FSHR levels were unchanged in chow-fed UNP and UNPL offspring but were increased in chow-fed UNL offspring. These findings are unexpected and is not consistent with previous studies [@pone.0015558-daSilvaFaria1] as a rise in ovarian FSHR mRNA levels would be anticipated to be concomitant with an increase in antral follicle number. These changes were not accompanied by changes in circulating FSH levels in these offspring. Since circulating 17β-estradiol levels were not measured in this study, we can only speculate that possibly the observed increase in FSHR levels in UNL offspring may be a result of other hormonal mechanisms, including altered 17β-estradiol levels.

We recognize that the use of whole ovarian tissue to measure mRNA levels of key genes may have masked any discernable changes specific to follicle populations, had they been processed and examined separately. However, given that we have demonstrated robust changes in key follicular regulatory factors, we suggest that our methods have not limited our results. Nevertheless, due to previously reported differential expression of key factors in follicle subtypes [@pone.0015558-Nilsson1], [@pone.0015558-Rosenfeld1], [@pone.0015558-Spicer2], it is difficult to discern whether our observed changes in follicle number after maternal nutrient restriction were due to changes in receptor/growth factor function or; whether our observed changes in mRNA levels were due to differences in follicle number. These data do however provide strong evidence for examining follicle subtypes individually and this will be considered in future studies.

Reactive oxygen species play a role in the modulation of an entire spectrum of reproductive functions including oocyte maturation, ovarian steroidogenesis, corpus luteal function and luteolysis [@pone.0015558-Agarwal1]. Oxidative stress and disruption of mitochondrial function is a trigger of apoptosis [@pone.0015558-Orrenius1], contributing to the exhaustion of oocyte reserve, either directly through germ cell death or indirectly through follicular atresia [@pone.0015558-Kaipia1], [@pone.0015558-Tilly1]. Early life nutritional adversity has been associated with increased oxidative stress [@pone.0015558-Igosheva1], [@pone.0015558-TarryAdkins1], [@pone.0015558-Simmons1], [@pone.0015558-TarryAdkins2]. The ovary is a metabolically active organ and reactive oxygen species will be generated during normal physiological functioning. Superoxide dismutase levels have been positively correlated to ovarian steroidogenesis [@pone.0015558-Suzuki1], and pre-ovulatory antral follicles demonstrate lipid peroxidation [@pone.0015558-Jozwik1] and regulation of follicular hydroperoxides may be mediated by glutathione peroxidase [@pone.0015558-Paszkowski1]. As protein carbonyl levels are common markers of protein oxidation our data suggest that maternal UN particularly during the critical time during pregnancy results in a significant increase in global ovarian oxidative stress. We did not observe an accumulation of protein carbonyls in ovaries of UNL offspring, suggesting that undernourishment during pregnancy is indeed the driver for increased global oxidation. These data are consistent with the observation that both UNP and UNPL offspring demonstrated significant decreases in ovarian follicle number and in specific gene expression levels.

We also assessed changes in the redox status of mitochondrial Prx 3. A significant reduction in mitochondrial Prx 3 mRNA levels was observed in the ovaries of UNP and UNPL, which may translate to a decreased capacity of this antioxidant system within the ovary. This observation was consistent with an increased presence of ovarian hyperoxidised Prx 3, which is catalytically inactive and only slowly recycled to the active form [@pone.0015558-Cox1]. Previous studies have reported that depletion of Prx 3 sensitises cells to oxidative stress and apoptosis, and cells with depleted Prx 3 exhibit increased protein carbonylation [@pone.0015558-Chang1]. Prx 3 hyperoxidation has been reported in the liver of aged rats [@pone.0015558-Musicco1] and the accumulation of damage exerted by increased levels of reactive oxygen species has also been implicated in ovarian aging [@pone.0015558-Tarin1], [@pone.0015558-Tarin2]. Although our study does not measure causality, we speculate that increased oxidative stress directly contributed to the altered primordial, secondary and antral follicle number observed in the ovaries of UN offspring. Consistent with this, estradiol has been reported to act as a survival factor against follicle atresia and studies have reported estrogen-induced inhibition of granulosa cell apoptosis in rat antral follicles [@pone.0015558-Billig1]. It is possible that, increased ovarian oxidative stress and decreased ERβ mRNA levels combine to promote follicular apoptosis and atresia in UNP and UNPL offspring. Together, these data present the possibility that the offspring of UN mothers may have exhibited accelerated ovarian aging, thereby contributing to the decline in follicle reserve.

Maternal undernutrition combined with post-weaning high fat nutrition {#s3b}
---------------------------------------------------------------------

We have demonstrated that maternal nutrient restriction resulted in a decrease in ovarian follicle number, changes in gene expression of key ovarian regulators, and enhanced ovarian oxidative stress in the offspring. Interestingly there were only two instances where the prenatal and postnatal nutritional environments interacted to affect our measurable outcomes: mRNA levels of 3β-HSD and Ob-Rb. Both of these factors have functional roles in steroidogenesis [@pone.0015558-Barkan2], [@pone.0015558-Edson1], [@pone.0015558-Connor1] and we have recently shown that in the adrenal gland, a postnatal HF diet was needed to elicit effects on key enzymes in the steroidogenic pathway [@pone.0015558-Connor1]. A postnatal HF diet significantly altered ovarian Ob-Rb as well as 3β-HSD mRNA levels and ovarian oxidative stress in a manner that was not only dependent upon maternal nutritional background, but also dependent upon on the critical period of UN exposure. UNP--HF offspring demonstrated a reduction in ovarian Ob-Rb mRNA levels. Conversely, UNL-HF offspring demonstrated a significant increase in ovarian Ob-Rb levels. It is tempting to speculate that UNL-HF offspring may have altered ovarian leptin signaling, as previous work has shown that HF-fed UN offspring had elevated levels of circulating plasma leptin compared to HF-fed Controls [@pone.0015558-Sloboda2], [@pone.0015558-Howie1] but further studies are required to investigate the leptin signalling pathway within these ovaries.

Oxidative stress has been previously implicated in HF diet-induced obesity [@pone.0015558-MatsuzawaNagata1]--[@pone.0015558-Couillard1]. Recently, maternal obesity has been shown to result in altered oocyte redox homeostasis and altered mitochondrial activity in zygotes [@pone.0015558-Igosheva1]. In the current study we found that the imposition of a post-weaning HF diet increased oxidative stress conditions in Control and UNL groups only, where no additional affect was observed in UNP and UNPL offspring. It is possible that the levels of oxidative stress reached a threshold in UNP and UNPL chow-fed offspring and that post-weaning HF nutrition had no further effect. This also may be the case in our observed suppression of Prx 3 mRNA levels. However, it remains apparent that UN during pregnancy resulted in modifications in ovarian development and influenced ovarian responses to a HF challenge.

Conclusions {#s3c}
-----------

We present novel data that maternal UN during pregnancy and/or lactation significantly altered ovarian follicular populations in adult offspring that was accompanied by changes in estrogen and leptin receptor levels. These alterations were dependent upon the timing of maternal UN. Our data suggest that these changes may be associated with increased ovarian oxidative stress and decreased ability to repair the resultant oxidative damage. These data contribute to the known association between oxidative stress and reproductive disorders, and suggest that early life nutrition may mediate this association.

Methods {#s4}
=======

Animal Model {#s4a}
------------

In the present study, we used an established model of developmental programming via maternal global nutrient manipulation [@pone.0015558-Sloboda2]. Wistar rats (postnatal day 120) were time mated using a rat estrous cycle monitor to assess the stage of estrous before introducing the male. After confirmation of mating, rats were housed individually in standard rat cages with free access to water. All rats were kept in the same room with a constant temperature maintained at 25°C and a 12-h light, 12-h dark cycle. Pregnant dams were randomised into one of 4 nutritional groups: 1) dams fed a standard control diet (protein 18%, fat 5%, digestible energy 3.4 kcal/gm, Teklad Global 18% Protein Diet, Diet 2018) *ad libitum* throughout pregnancy and lactation (**Control**), 2) undernourished dams fed 50% of Control intake throughout pregnancy and lactation (**UNPL group**), 3) undernourished dams fed 50% of Control intake throughout pregnancy only (**UNP group**) and 4) undernourished dams fed 50% of Control intake throughout lactation only (**UNL group**). After birth, pups were weighed and litter size adjusted to eight pups (4 male, 4 female) per litter to ensure standardised nutrition until weaning at day 22. At weaning, all offspring were weight matched within maternal dietary groups and placed on either the standard control rat chow or a HF diet (**Chow**, **HF**; D12451, 45% kcals as fat, Research Diets Inc., NJ, USA), resulting in a total of 8 experimental groups ([Figure 11](#pone-0015558-g011){ref-type="fig"}). At 150 days of postnatal age, all offspring were fasted overnight and killed by decapitation following pentobarbitone anaesthesia (60 mg/kg, s.c.). While under anaesthesia, the anogenital (AG) distance was measured in all offspring and vaginal smears were performed in females for determination of estrous stage at the time of tissue collection [@pone.0015558-Sloboda2]. Both ovaries were collected; one was fixed in Bouin\'s Solution (Sigma Aldrich, cat HT101128 -- 85.1% H~2~0, 9% formaldehyde, 5% acetic acid, 0.9% picric acid) and processed for later morphological analysis and the other snap-frozen in liquid nitrogen and stored at -80°C for subsequent RNA extraction and molecular analyses. All animal experiments were approved under guidelines of the Animal Ethics Committee at the University of Auckland (R402).

![Experimental Design.\
Schematic representation of the experimental design. There are four levels of maternal nutrition and 2 levels of post-weaning diet resulting in a total of 8 experimental groups in a fully balanced 4×2 design.](pone.0015558.g011){#pone-0015558-g011}

Circulating levels of FSH and inhibin B {#s4b}
---------------------------------------

Circulating concentrations of FSH and inhibin B were measured using commercially available rat-ELISA kits (FSH, Biocode Hycel AER004, Immunodiagnostic Systems, UK; inhibin B, Beckman Coulter (Diagnostic Systems Laboratories) 10-84100) as per the manufacturer\'s specifications.

Morphometric Analyses of Follicle Populations {#s4c}
---------------------------------------------

Fixed ovaries were processed for microscopy and subsequently the entire ovary was sectioned at 8 µm. Every 5^th^ ovarian section was stained with haematoxylin and eosin for morphometric analysis. In order to prevent multiple counts of the same follicle, only those follicles with a visible oocyte nucleus were included. Since oocyte nuclei measured between 20--30 µm in diameter, counting every 5th section of the ovary ensured a distance of 40 µm between analysed sections, preventing multiple counts of the same ovarian follicle. Follicle classification based on characteristics proposed by Hirshfield & Midgley [@pone.0015558-Hirshfield1] was as follows: type 1: *primordial follicle*, one layer of flattened granulosa cells surrounding the oocyte; type 2: *primary follicle*, one to fewer than two complete layers of cuboidal granulosa cells; type 3: *secondary follicle*, an oocyte surrounded by greater than one layer of cuboidal granulosa cells, with no visible antrum; type 4: *antral follicle*, an oocyte surrounded by multiple layers of cuboidal granulosa cells and containing one or more antral spaces, cumulus oophorus and theca layer may also have been evident. Total volume of each section was calculated (area of the section x thickness of the section) and follicle counts for each animal were corrected for the total volume of ovarian tissue counted. All follicle counts were then expressed as number of follicles counted per mm^3^ of ovarian tissue counted.

Molecular Analyses {#s4d}
------------------

### RNA extraction and reverse transcription (RT) {#s4d1}

Total RNA was extracted using commercially available kits (AllPrep DNA/RNA Mini kit; Qiagen, cat 80204). Genomic DNA contamination was removed from each sample via treatment with RNase-free DNase (Invitrogen Life Technologies; Auckland, NZ) according to the manufacturer\'s instructions. RNA quantity and purity were analysed using a NanoDrop spectrophotometer (ND-1000; BioLab Ltd) using NanoDrop software (version 3.1.2). All RNA samples were stored at −80°C until required.

5 µg of total RNA was used for first strand cDNA synthesis using the Moloney Murine Leukaemia Virus Reverse Transcriptase enzyme (M-MLV-RT) (Promega Corp, Wisconsin USA) and a standard thermocycler (GeneAmp® PCR System 9700, Applied Biosystems, California, USA). A master mix was prepared containing the following: 5 µL M-MLV 5× buffer (In Vitro Technologies, cat M531A), 0.5 µL M-MLV-RT (In Vitro Technologies, cat M170B) and 1.25 µL 10 µM deoxynucleosides triphosphates (dNTPs) (Global Science, cat R0181) under the following cycling conditions: an initial denaturation stage of 5 minutes at 96°C, followed by 30 cycles of 30 seconds each of 96°C (denaturation), 60°C (annealing stage) and 72°C (extension stage). cDNA was stored at −20°C for later use in qPCR assays.

### Quantitative Polymerase Chain Reaction (qPCR) Assays {#s4d2}

For the quantification of ovarian gene expression levels and of the endogenous reference beta actin, a quantitative PCR assay was performed using the ABI PRISM® 7900HT Sequence Detection System (Applied Biosystems; Auckland, New Zealand). All primers were designed using Primer 3 software (version 0.4.0, Whitehead Institute for Biomedical Research (Steve Rozen and Helen J. Skaletsky (2000) Primer3 on the WWW for general users and for biologist programmers. In: Krawetz S, Misener S (eds) Bioinformatics Methods and Protocols: Methods in Molecular Biology. Humana Press, Totowa, NJ, pp 365--386) ([Table 1](#pone-0015558-t001){ref-type="table"}) and manufactured by Invitrogen (Invitrogen Life Technologies; Auckland, New Zealand). Optimal primer conditions were adjusted to the following cycling conditions: Length: 20 bp (range 17--23 bp), Tm: 63°C (range 60--65°C), and amplicon length: 100--300 bp. Dissociation analyses were performed to ensure specificity and samples producing a single peak in the dissociation curves were used. Amplified products were visualised on an agarose gel using the E-Gel® CloneWell 0.8% SYBR Safe gel (Invitrogen, cat G6618-08), run on the E-Gel® iBase™ Power System (Invitrogen, cat G6400) and sequenced by spectrophotometry (Allan Wilson Centre, Massey University). The resulting sequences were evaluated using NCBI BLAST to ensure specificity.

Quantification of gene expression levels were performed under the following conditions: an initial 2 min hold period at 50°C for normalisation (Stage 1), followed by enzyme activation at 95°C for 2 min (Stage 2); amplification of the gene product through 40 successive cycles of 95°C for 15 sec then 60°C for 1 min (Stage 3); followed by a dissociation stage of 15 sec at 95°C, 15 sec at 60°C and 2 min at 99°C (Stage 4). A standard curve was generated from the mean cycle threshold (Ct) of eight standards (1∶5 serial dilution) of a known concentration in triplicate, while amplification and dissociation curves were generated for all standards and samples (Applied Biosystems, California, USA). Each sample was run in triplicate.

Measurement of oxidative stress {#s4e}
-------------------------------

Frozen ovarian tissue was thawed and homogenized in 100 µl of phosphate buffered saline (PBS) containing 10 µM diethylene triamine pentaacetic acid (DTPA) and 20 µM of butylated hydroxytoluene (BHT). Protein concentration was measured using the Bradford dye-binding procedure and expressed as µg/µL. Fifty to sixty µL of the homogenate was set aside for protein carbonyl detection. The remainder was treated with Complete™ protease inhibitor (Roche Applied Science, Mannheim, Germany) and used for the detection of Prx 3 hyperoxidation using Western blotting.

### Protein carbonyls {#s4e1}

Protein carbonyl concentrations were determined by an enzyme-linked immunosorbent assay (ELISA) after derivatization with 2,4-dinitrophenylhydrazine using the low protein method suggested in the BioCell Protein Carbonyl Assay kit (BioCell, Papatoetoe, New Zealand).

### Hyperoxidied Prx 3 {#s4e2}

Protein samples (10 µg) were separated on 12% SDS-polyacrylamide gel under non-reducing conditions and blotted onto Hybond PVDF membranes (GE Healthcare Life Sciences, Piscataway, NJ, USA). After transfer, the membranes were blocked in 5% skim milk TBS-T~20~ (150 mM NaCl, 50 mM Tris-HCl, pH 8.0, and 0.05% Tween 20) for 1 hour at room temperature and incubated overnight at 4°C with 1∶10,000 rabbit anti-Prx 3 polyclonal antibody (Ab Frontier, Seoul, Korea). Following washing, membranes were incubated with peroxidase-conjugated goat anti-rabbit secondary antibody and visualized using the ECL Plus Western Blotting Detection Reagents (GE Healthcare Life Sciences, Piscataway, NJ, USA) in combination with the Chemidoc XRS gel documentation system and Quantity One software (BioRad laboratories, Hercules, CA, USA) to quantify the density of the relevant bands.

Statistical Analyses {#s4f}
--------------------

All data were analysed by two-way factorial ANOVA, with maternal diet and offspring postnatal diet as factors. In all cases, data that were not normally distributed were log transformed to achieve data normality. Post-ANOVA comparisons among means were made using the Holm-Sidak method where appropriate. Follicle data are presented as box plots, where the box represents 25^th^ and 75^th^ percentiles (the lower and upper quartiles, respectively), and within which is shown the 50^th^ percentile (the median). The whiskers indicate the upper and lower values not classified as statistical outliers. In all cases, relative mRNA levels of the genes of interest were normalised to 100% of chow-fed offspring of Control mothers (Control). A p-value of \<0.05 was considered statistically significant and all data are presented as means ± S.E.M. All statistical evaluation was performed using SigmaStat for Windows version 2.03 (Jandel Corp., San Ramon, CA, USA.).
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